Introduction
The systematic sequencing of mammalian genomes currently represents the central focus of the ongoing Human Genome Project (Collins et al., 1998) . The dominant strategy being employed for this endeavor involves sequencing individual mapped clones, such as bacterial artificial chromosomes (BACs) (Shizuya et al., 1992) [and to a lesser * To whom correspondence should be addressed. extent P1-derived artificial chromosomes (PACs) (Ioannou et al., 1994) ]. These clones are typically selected based on their positions in previously assembled contigs, consisting of redundant collections of overlapping clones. In addition to providing organized sets of clones for sequencing, such contigs provide valuable mapping information about the corresponding genomic region, which in turn can be used for myriad molecular genetics studies.
Various strategies have been developed for constructing bacterial clone-based contig maps. One approach involves establishing restriction enzyme digest-based fingerprints of individual clones, which in turn are used to identify clone overlaps based on the presence of common restriction fragments (Wong et al., 1997; Marra et al., 1997) . Another approach involves detecting sequence-based landmarks [e.g. sequenced-tagged sites (STS)] in the clones and deducing clone overlaps based on the presence of common landmarks. For example, STS-based mapping (Green and Olson, 1990b) represented the dominant strategy for constructing the first-generation, yeast artificial chromosome (YAC)-based physical maps of the human (Foote et al., 1992; Hudson et al., 1995; Bouffard et al., 1997; Nagaraja et al., 1997) and mouse (Nussbaum et al., 1999) genomes. When applied to the analysis of bacterial clones, such as BACs, STS-content data can be generated using either PCR-or hybridization-based methods.
The construction of sequence-ready bacterial clone maps has frequently involved both STS-and fingerprintbased mapping methods. A common approach involves first seeding BAC contigs by identifying clones positive for previously mapped STSs and then performing higher resolution, fingerprint-based mapping of the isolated clones (The Sanger Center and The Washington University Genome Sequencing Center, 1998). The first of these steps typically requires the routine screening of highly redundant (e.g. 10-to 20-fold representation) clone libraries for large collections of STSs. While PCR-based methods can be used to screen BAC libraries [similar to that implemented for screening YAC libraries (Green and Olson, 1990a) ], it is now more common to employ hybridization-based screening methods for this purpose. A robust approach for the latter involves the use of 'overgo' probes, consisting of short, radiolabeled DNA fragments derived from slightly overlapping oligonucleotide primers (McPherson, 1999; Vollrath, 1999) .
As opposed to screening BAC libraries with one probe at a time, a more efficient multiplex strategy, utilizing a defined set of pooled probes, can be employed. Multiplex hybridization screening has been successfully used for mapping human cosmids (Evans and Lewis, 1989) and, more recently, mouse BACs (Cai et al., 1998) . One such approach, involving a two-stage screening method, is illustrated in Figure 1 . In the first 'primary' screening step, a single large pool of probes is hybridized to a library of arrayed clones. Positive clones are rearrayed in an organized fashion to create secondary filters, which contain a reduced collection of clones corresponding to the genomic region of interest. Duplicate 'secondary' filters are then screened in parallel with a set of pools, each containing a different combination of the starting probes (so called 'combinatorial pools'). The latter are designed such that the probe-clone relationships can be deduced from the resulting data by ensuring that any two pools have at most only a single probe in common.
Multiplex hybridization screening methods result in the generation of large amounts of data that require careful assimilation and complex analysis to deduce the probeclone relationships in an accurate fashion. To facilitate our large-scale efforts to screen BAC libraries with STSspecific overgo probes, we have created a software tool called ComboScreen. This program organizes information about overgo probes and BAC clones, and provides an interactive mechanism for analysing primary and secondary filters. The ComboScreen user interface also facilitates the custom design of secondary filters and combinatorial pools; such information is later used by the program to interpret the results of the secondary multiplex hybridization screens.
System and methods
Software design. The software was written in C++ (Stroustrup, 1986 ) using standard object-oriented programming techniques and large-scale software design principles (Lakos, 1996) . The graphical user interface was programmed using the wxWindows 2.0 toolkit (Smart, 1999) . Data storage is provided by the Sybase relational database management system, with access via the Sybase client-server database C programming libraries.
Overgo probes. Overgo-type hybridization probes were derived from mouse sequences homologous to human chromosome 7. In each case, a pair of complementary 22mer oligonucleotide primers were designed with an 8-base overlap, mixed together, and radiolabelled as described (Vollrath, 1999; McPherson, 1999) to yield a 36 bp probe.
BAC library screening and map construction. For the primary screening step (see Figure 1) , nylon filters containing high-density arrays of lysed colonies from the RPCI-23 mouse BAC library (see http: //www.chori.org/bacpac) were hybridized with pools of 30-50 overgo probes. All clones are present in duplicate within the arrays, and hybridization must be detected at both positions to consider a clone as positive. Singlecolony isolates were derived from all newly identified positive clones and cultured in individual wells of 96-well plates. Previously identified positive clones were catalogued but not reprocessed. Secondary filters, consisting of all new candidate positive BACs, were constructed with duplicate colonies present for each clone. A total of 10 probe pools are created in a combinatorial fashion, one from each row and one from each column. Each pool is then hybridized to a replica of a secondary filter, with positive clones recorded for each pool. The results for each row pool and each column pool are compared in a pair-wise fashion, and the positive clones in common between any two pools are assumed to be positive for the probe in common (i.e. the intersection point between the row and column pools).
For the secondary screening step (see Figure 1) , combinatorial pools of probes were prepared from each primary pool. Specifically, individual overgo probes were organized in a two-dimensional matrix, from which pools were derived from each row and column (as illustrated in Figure 2 ). Note that any two combinatorial pools contain at most one probe in common (Evans and Lewis, 1989) . Each combinatorial probe pool was then hybridized to a replica secondary filter. The resulting hybridization data were used to deduce probe-clone relationships by ComboScreen, which in turn were analysed by the program SEGMAP (Green and Green, 1991 ; see also Magness and Green, 1996) to assemble probe-content contig maps.
Implementation
The ComboScreen program provides the necessary organizational and analytical tools for performing a two-stage, multiplex hybridization screening strategy, such as that illustrated in Figure 1 . In particular, it is tailored for the use of combinatorial pools of probes, such as those derived from simple row/column pooling schemes (Figure 2 ). The program is designed to collect the relevant information at each stage of the screening procedure and then to perform the necessary analyses and formulate associated reports based on the resulting data.
The user interfaces are designed to resemble the actual experimental results, thereby making data entry reasonably intuitive. Representative examples are provided in Figures 3 and 4 . In Figure 3 , the interface for entering the results of a primary hybridization screen is shown, in this case configured for the RPCI-23 mouse BAC library. This library can be screened by hybridization analysis of 10 filters, each containing six panels of high-density BAC arrays. Each panel is subdivided into a 16×24 grid, with clones from the same position of eight 384-well plates arrayed in duplicate within each grid. Thus, a single filter can hold up to 18 432 BAC clones. By successively identifying the filter, panel, array position, and pattern of duplicate hybridization signals, the address of each positive clone can be deduced (Figure 3 , upper right corner). This information is added to the list of positive BACs.
The list of positive BACs is filtered to remove clones encountered in previous screens. Additionally, the list is used to create a layout for rearraying new positive clones in secondary 96-well plates. The rearrayed clones are stamped onto filters for secondary hybridization screening. Figure 4 shows the interface for organizing such a secondary filter. After the filter is complete, the information is stored in the database.
Appropriate tools are also available for entering the necessary information about the probes and probe pools being used for multiplex hybridization screening. For example, probe names and associated features can be imported into ComboScreen either from tab-delimited text files or directly from the OvergoMaker 4.0 program (McPherson, 1999) . The combinatorial pools used for the secondary screens (see Figure 2) can be created and entered using a convenient spreadsheet-style interface (data not shown). Additionally, a plate editor for secondary plates can be used to modify plates containing a clone that fails to grow.
Provided with information about the customized secondary filters and the combinatorial probe pools, ComboScreen is readily able to collect and analyse the results of secondary multiplex hybridization screens. Figure 5 shows some representative results of such a screen. A cartoon version of each secondary filter ( Figure 5A ) is created for each custom filter analysed (positions devoid of a clone are reflected by darkened squares). For each hybridized filter, the user simply indicates the positive colonies by analysing the corresponding autoradiograph ( Figure 5B ) and clicking the matching spot on the displayed filter.
As positive clones are entered, the program searches for possible duplicates (i.e. clones with the same name) present on the filter and highlights them with an open circle, thereby guiding quick and accurate scoring of the duplicate clone. Additionally, the highlighting of duplicate clones helps to identify BACs that are positive at only one of the two duplicate positions in the array, as can be seen at position E7 (indicating that this is a potential false-positive result).
After all positive clones are entered, the program analyses the data and deduces the most consistent probeclone relationships. Specifically, the results obtained with each filter are compared in a pair-wise fashion. As illustrated in Figure 2 , any two probe pools should have at most a single probe in common. A list of probes for each pool is retrieved from the database and joined using a logical AND function. If a single probe results, the clone lists from the corresponding filters are also joined using a logical AND, with the resulting list of clones positive to both pools assigned to the common probe. Ambiguous data is ignored (e.g. pairs of pools with either no probe in common or multiple probes in common).
Three reports are generated based on the results of a secondary screen. A digital representation of each hybridized secondary filter is created to document the results in an electronic form. In addition, two text reports, a resolution log file, and a SEGMAP input file are generated based on disambiguating the secondary screening results. The resolution log is a human-readable report detailing the deduced probe-clone relationships, while the SEGMAP input file is a tab-delimited file ready for import into the program SEGMAP (or into a spreadsheet for further editing).
A representative SEGMAP contig map, consisting of 116 BACs and 14 overgo probes, is depicted in Figure 6 . This map corresponds to the ∼1 Mb genomic region 
Discussion
Multiplex hybridization screening of arrayed clone libraries is an efficient approach for deriving significant amounts of mapping data (Evans and Lewis, 1989; Cai et al., 1998) . For example, an N -by-N array of probes can resolve N 2 probes in 2N hybridizations. However, a significant effort is typically required for carefully and thoroughly assimilating the resulting data. The ComboScreen program provides a valuable framework to aid the latter.
The current version of ComboScreen is tailored for our specific efforts to construct highly redundant contig maps of mouse BACs. This has involved the use of overgotype hybridization probes and row/column combinatorial pooling strategies for the secondary screens. The program can support multiple projects and users. Minor protocol Fig. 6 . A mouse BAC contig map for the Pftk1 genomic region derived by the two-stage multiplex hybridization strategy described in the text and assembled by the program SEGMAP. Clones with names starting with 'RP' and 'GS' were derived from the RPCI-21 mouse PAC library and the Genome Systems mouse ES BAC library, respectively, and were incorporated into the map manually. All other clones were derived from RPCI-23 mouse BAC library.
changes (e.g. different plate sizes, clone array pattern on filters) can be accommodated by simple modification of compiler definition variables.
More substantial changes to the general workflow may be more difficult, although the adherence to objectoriented design principles during the development of ComboScreen should restrict the necessary changes to a small portion of the program. For example, where the current protocol involves the two-stage hybridization scheme shown in Figure 1 , ComboScreen could accommodate single-stage library screening with minor changes. Other potential deviations, such as three-or four-dimensional probe pooling strategies, could also be accommodated.
Notably absent from the ComboScreen program is any attempt to capture the data directly from autoradiographs. While technically feasible, automated interpretation of digitized images is difficult, and a great amount of human curation would still be required. Given the scale of our project, the potential time savings were deemed to be insufficient relative to the effort of creating an automated imaging system. However, further alteration of ComboScreen to allow the interpretation of imaged data would be possible by replacing the filter-screening GUIs with image-interpretation classes, a straightforward change due to the object-oriented nature of C++ and ComboScreen.
ComboScreen is a central component of our mouse physical mapping efforts. To date, we have used the program to analyse 900 probes relative to 3800 mouse BAC clones (Thomas et al., 2000) . ComboScreen makes possible the efficient and accurate resolution of multiplex hybridization screenings, which in turn greatly reduces the time and effort required to construct sequence-ready physical maps.
The ComboScreen source code, installation instructions, and documentation are freely available at http://genome. nhgri.nih.gov/comboscreen.
